Abstract: As a prevalent network topology, mesh, has been actively researched and developed as a key solution to improve the performance and services of wireless communications. In this study, the authors carry out a comprehensive analysis of the bandwidth efficiency (BE) in b/s/Hz and power efficiency (PE) in b/s/Hz/W of carrier sense multiple access with collision avoidance, the basic medium access control protocol for wireless mesh networks (WMNs). Analysis results show that the suboptimal, not the maximal, power and BE can be achieved simultaneously under the same conditions, for example, the number of competing nodes and contention windows. Hence, the authors present a heuristic bandwidth-PE tradeoff design. Simulation results show that the authors proposed protocol works well in both single-hop and multi-hop WMNs.
Introduction
As a key technology for the next generation network, wireless mesh networks (WMNs) can provide broadband access with low cost and applicability to versatile areas, and have been adopted in many applications such as broadband home networking, community and neighbourhood networking and metropolitan area networks [1, 2] . Owing to their importance, WMNs have gained a distinctive attention in the recent years both from industries and researchers. The performance of WMNs depends highly on how the routing [3] [4] [5] and medium access control (MAC) protocol [6, 7] is designed and so far, most WMNs are implemented using wireless local area networks (WLANs). IEEE 802.11× is one of the most influential WLAN standards, and its basic MAC protocol, distributed coordination function, is based on carrier sense multiple access with collision avoidance (CSMA/CA), one of typical contention-based MAC protocols. Currently, CSMA/CA has been the de facto MAC standard of WMNs, and is widely used in almost all of the testbeds and simulations for WMN research.
Therewith, with the rapid increasing of mobile communication networks, the environmental problem has emerged. Over past several years, green communications has received much attention from government, academia and industry [8] . Therefore there is a need to reduce the energy requirements of WMNs. Fehske discussed the impact of deployment strategies on the power consumption of mobile radio networks [9] . Cheng et al. [10] proposed energy efficient spectrum allocation for two tier cellular networks by rationally using subcarriers. Marsan et al. [11] investigated the possibility of reducing the energy consumption of a cellular network by switching off some cells during the periods in which they are under-utilised because the traffic is low. Majumdar and Ward [12] studied a matrix completion approach to reduce energy consumption in wireless sensor networks. Jardosh et al. [13] proposed a resource-on-demand policy to dynamically switch on and off access points (APs) in WLANs, based on the volume and location of user demands.
However, to our understanding, the main purpose of green communication is to improve the efficiency of networks, not just reduce the energy consumption. If the efficiency of one network is higher than that of another, we call that the first network is 'greener' than the second one. There have been several kinds of efficiency to evaluate a wireless network, such as bandwidth efficiency (BE) in b/s/Hz and power efficiency (PE) in b/s/Hz/W. Up to now, since MAC protocols directly decide how the limited wireless resources are shared among existing nodes, the continuous investment in the MAC protocols of WMNs has been aiming at improving the efficiency of CSMA/CA, and brings about a wealth of theoretical knowledge and practical engineering solutions, for example, some researchers are trying their best to improve PE [14] , energy efficiency [15] , or energy efficiency under specific spectrum efficiency [16] . A game-theoretic study on the power and rate control problem in WLANs is presented [17] , where network participants choose appropriate transmission power and data rate to achieve maximum throughput with minimum energy consumption. In today's view, maximum throughput and minimum energy consumption cannot be obtained at the same time. In this paper, after analysing the BE and PE of CSMA/CA, we provide a heuristic approach to obtain a tradeoff between BE and PE for WMNs.
The rest of this paper is organised as follows. As much investment in WMNs aims at improving their BE [18] or PE [14, 19] , a general description of two efficiency metrics is given in Section 2. In Section 3, after taking a deep analysis of the BE and PE of CSMA/CA, we present a heuristic approach for WMNs to approach the suboptimal BE and PE simultaneously. In Section 4 simulation studies are carried out to evaluate the performance of the proposed approach. Finally, the concluding remarks are given in Section 5.
Preliminary
2.1 Description of the CSMA/CA protocol CSMA/CA uses a basic acknowledgment mechanism to verify successful transmissions, and an optional request-to-send/clear-to-send (RTS/CTS) handshaking mechanism to decrease collision overhead. In both cases, a binary exponential backoff mechanism is used. Before transmitting, a node generates a random backoff interval. The backoff time is slotted and the number of backoff slots is uniformly chosen in the range [0, CW − 1]. At the first transmission attempt, the contention window, CW, is set equal to a value CW min , called the minimum CW. After each unsuccessful transmission, CW is doubled up to the maximum value CW max . Once CW reaches CW max , it will remain at the value until the packet is transmitted successfully or the retransmission time reaches retry limit r. Although the limit is reached, retransmission attempts will cease and the packet will be discarded.
Description of efficiency metrics
There has been a lot of work on the definition of efficiency. In view of the frequency spectrum and the power, two major radio resource categories, many researchers consider BE and PE, respectively, as the principal efficiency criterion [14, 20] . The BE of a communication system is defined as the number of bits per unit bandwidth, which in the case of single-input-single-output systems corresponds to bit-per-second-per-Hertz (b/s/Hz). On the other hand, a host of spread-spectrum methods intentionally sacrifice BE for the sake of achieving a better bit-per-second-perHz-per-Watt (b/s/Hz/W) PE.
According to the very known Shannon-Hartley theorem, the BE of a point-to-point (PtP) wireless link, η b = log 2 (1 + γ s ), where γ s is the average signal-to-noise ratio (SNR) recorded at the receiver, and the PE, η e = η s /P t , where P t is the transmission power. With the increasing SNR, the BE increases and the PE decreases, as shown in Fig. 1 . So we cannot obtain the maximal BE and PE of PtP wireless links simultaneously.
Bandwidth and power efficiency of MAC protocol For WMNs
It has been proved that BE and PE are inherently different and may not be maximised simultaneously. However, all these results are derived for a PtP wireless link and it does not consider any issue related with the MAC protocol. Hence, in the following we shall evaluate the two efficiencies of CSMA/CA, the basic MAC protocol of WMNs.
Analysis of the power and bandwidth efficiencies of CSMA/CA
In this subsection, starting from the model proposed in [21] , we derive a formula that explicitly relates the BE and PE to the transmission probability, which is also related to the number of competing nodes and contention parameters (e.g. CW min , m and r).
We consider a scenario composed of a fixed number n of competing nodes, each operating in saturation conditions [21] , that is, whose transmission queue always contains at least a packet ready for transmission, under an ideal channel condition (no hidden terminals and capture). A power saving mode has been defined in IEEE 802.11× , where a terminal could go to a sleep state by switching off its radio. However, in saturated traffic conditions, the power saving mode does not work. Therefore we do not consider the power saving mode in the following. Let t be the probability that a node transmits in a randomly chosen slot; W Tx , W Rx and W Lx be the average transmitting, receiving and listening power, respectively; P tr be that there is at least one transmission in the considered slot and P s be that exactly one node transmits on the channel upon at least one node's transmitting. They can be defined, respectively, as
With regard to the status of packet transmission in a given slot, there are three possibilities. Firstly, there may be no transmission with the probability of P i = (1 − t) n , whose time length is σ = aSlotTime which is defined in IEEE 802.11× . Then the average consumed energy is E i = nW Lx σ. Secondly, it contains a successful transmission with the probability of P tr P s = nt(1 − t)
, whose average time length is T s . Then the average consumed energy is E s = (W Tx + W Rx + (n − 2)W Lx )T s . Finally, assume that n c nodes transmit simultaneously at the given slot, so there is collision with a probability of, whose average time length is T c . Then the average consumed energy is
T s and T c are discussed in detail in [21] . So the average consumed energy in a slot and the average time length of a time slot are obtained, respectively, as
We are now able to express the PE and BE as h p = Average payload successfully transmitted in a slot Average consumed energy in a slot / Channel bandwidth = P tr P s P P i E i + P tr P s E s + P c E c /B
/
Channel bandwidth = P tr P s P P i s + P tr P s T s + P c T c /B (5) where P is the average payload size in bit, and the channel bandwidth B is fixed at 20 MHz in 802.11× .
The analytical model given above is very convenient to determine the optimal transmission probability t* for the maximum efficiencies. Rearrange (4) to obtain
As T s , T c , P and σ, are constant, η p is maximized when the denominator of (6), Y(t) shown in (7), is minimised
Under the condition t ≪ 1
holds. Substituting (8) into (7), we can obtain (see (9) ) Taking the derivative of (9) with respect to t, we can obtain
where If
Then setting m = 2 only because the probability that more than two nodes transmit at the same slot is much lower, then we can obtain
Then we impose (12) equal to 0, and yield the following approximate solution
Taking the derivative of (13) with respect to t*, we can obtain
Hence, the PE (η p ) is a convex function, and there is only one peak, η p (t*). Equation (14) allows for explicitly computing the optimal transmission probability t* that each node should adopt in order to achieve the maximum PE within a considered network scenario (e.g. n).
In the similar way, we can derive an explicit formula of the optimal transmission probability to achieve the maximal BE, as follows
Furthermore, the BE and PE achieved by CSMA/CA in the case of the ACK access method are shown in Fig. 2 . We can observe that: firstly, both efficiencies are a convex function over the transmission probability, but they cannot be maximised simultaneously; secondly, the optimal value t for the maximum PE is close to that of the maximum BE, so we can achieve the suboptimal, not the maximal, efficiencies simultaneously, that is, we can obtain a good tradeoff between two efficiency metrics. It has been showed that the transmission probability (t) depends on the network size and the contention parameters (CW min , m and r) in [22] , as follows (see (17)) As n is not a directly controlled variable, the only way to achieve optimal performance is to employ adaptive techniques to tune the values of contention parameters upon estimating the value of n [22] . So given the values of m and r, from (14), (16) and (17), we can obtain the corresponding CW min for the maximum BE and PE, respectively, as shown in Fig. 3 . We can observe that: firstly, both efficiencies of CSMA/CA are highly dependent on the number of competing nodes and the minimum CW; secondly, the maximal efficiencies are very smooth, so even a non-negligible difference in the estimate of the optimal value CW min leads to similar BE and PE values.
Bandwidth-and-power-efficient MAC protocol for WMNs
In this section, we present an enhanced MAC protocol to approach both the suboptimal BE and PE by tuning the contention parameters upon estimating the number of competing nodes.
To estimate the number of competing nodes in WLANs precisely and timely, two estimation mechanisms are used to track the competing terminals [23] , that is, auto regressive moving average and Kalman filters. A batch and sequential Bayesian estimator is provided in [24] , and we also proposed a frame-analytic estimation mechanism [25] . Then based on (14), (16) and (17), we can explicitly compute the optimal CW min that each node should adopt in order to achieve the maximum PE (MPE) or the maximum BE (MBE) within a considered network scenario, that is, the number of competing nodes n, as shown in Table 1 .
Therewith, we choose a range of CW min where the two efficiencies are not less than Θ of MBE and MPE, respectively. Here, we choose Θ as 99% to simultaneously achieve high MBE (Fig. 3) . In a word, firstly, each node estimates the number of competing nodes based on the proposed frame-analytic
www.ietdl.org estimation mechanism in [25] . Secondly, each node adjusts its minimum CW to the estimated number of competing nodes based on Table 2 to obtain the BE and PE tradeoff. Adjusting CW parameters based on the number of competing nodes has been presented many times in literature. However, to our best knowledge, the utility function of all the works is to maximise signal-to-interference-plus-noise ratio or BE, and no one has considered how to optimise both BE and PE simultaneously.
Performance evaluation
To evaluate the proposed protocol in single hop environment, we perform the following simulations in MATLAB. The values of the parameters used to obtain numerical results for simulations are specified in IEEE 802.11b, and assume that W Tx = 24.75 mW, W Rx = 13.5 mW and W Lx = 15 μW. We set a star topology with one AP and variable terminals, increasing from 10 to 40 in a step of 6. Each terminal has a new fixed size packet available for transmission immediately after the transmission buffer is empty. Owing to the limited space, only the ACK access mechanism is evaluated in the following. Fig. 4 shows that the two efficiencies of our proposed protocol are a little lower than those of MBE and MPE, respectively, and much higher than those of CSMA/CA. For instance, if there are 40 contending nodes, the BE of CSMA/CA (i.e. 0.132 b/s/Hz) is 23% lower than that of our proposed protocol (i.e. 0.164 b/s/Hz), and its PE is 0.46 b/s/ Hz/W, whereas ours is 0.74 b/s/Hz/W. On the other hand, the BE of the proposed protocol is only 2% lower than MBE, and its PE is 4% lower than MPE. Moreover, the CSMA/CA becomes worse with the increasing number of nodes which makes higher collision probability. The BE of the other three protocols almost keeps constant or decreases slowly, but their PE decreases sharply, which is also because of the more collisions. For instance, the BE of CSMA/CA decreases 19% from 0.162 to 0.132 b/s/Hz when the contending nodes increase from 10 to 40, whereas its PE drops 78% from 2.11 to 0.46 b/s/Hz/W. In our proposed protocol, the BE keeps constant at 0.164 b/s/Hz, and the PE drops 66% from 2.2 to 0.74 b/s/Hz/W. Fig. 2 Efficiencies against the transmission probability Furthermore, Fig. 4 shows that the simulation results practically coincide with the analytical results in Table 2 .
To evaluate the proposed protocol in multi-hop environment, the following simulations in unsaturated traffic conditions with hidden terminals and capture are carried out in OPNET. We consider a rectangular area of 4000 m × 4000 m and 50 nodes are randomly distributed in this area.
The packet arrival rate is initially set lower than the saturated traffic case, and then subsequently increased. At the end of the simulation time, all nodes are in a saturated traffic condition. As our proposed protocol is generic and valid for both the basic ACK and optional RTS/CTS access mechanism, the RTS/CTS access mechanism is evaluated in the following. Figs. 5-9 show that when the traffic is unsaturated, the performance of the four protocol are almost the same. When the traffic becomes saturated, the increasing collision probability makes the two efficiencies decrease, and delay, jitter and packet loss rate increase sharply. The performance of CSMA/CA is worse than all the other three protocols. For instance, compared with CSMA/CA, our proposed protocol provides a 12% larger BE, 20% higher PE, 13% smaller delay, 2% lower jitter and 15% lower packet loss rate. Moreover, the BE of our proposed protocol is only 1% lower than MBE, and its PE is 2% lower than MPE.
Conclusions
For a greener WMN, this paper carries out a comprehensive analysis of the BE in b/s/Hz and the PE in b/s/Hz/W of CSMA/CA, the basic MAC protocol for WMNs. Previous works concluded that the BE and PE are inversely proportional to each other if only considering the physical layer of a wireless system. Hence, we carry out a deep analysis of the two efficiency metrics of CSMA/CA, and analysis results also show that we cannot achieve the maximum BE and PE of CSMA/CA simultaneously. However, the two efficiencies are the function of the contention parameters, and luckily the optimal contention parameters related to the maximum PE, for example, the transmission probability t, the minimum CW, are close to those of the maximum BE. Moreover, our analysis also show that the maximum efficiencies are very smooth, even a non-negligible difference in the estimation of the optimal value of contention parameters to a similar efficiency value.
Hence, we present a heuristic MAC protocol to approach both the suboptimal (not optimal) BE and PE of CSMA/CA in WMNs. Simulation results show that the BE and PE of the proposed protocol are much better than CSMA/CA, and very close to the maximal efficiencies, respectively.
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